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Recent advancements
nanomaterials for various medical applications, particularly in the detection of Helicobacter pylori

in nanotechnology and biomedicine have promoted the utilization of

infections. The colonization of the gastric mucosa by H. pylori significantly establishes the risk factors for
the development of chronic gastritis, peptic ulcers, and gastric cancers. While conventional methods,
both invasive and non-invasive, are available for the detection of H. pylori, they often face limitations in
terms of sensitivity, specificity, cost-effectiveness, and point-of-care applications. Two-dimensional
nanomaterials exhibit considerable potential in the development of robust analytical platforms tailored
for point-of-care (POC) detection of H. pylori, thereby presenting streamlined and economically viable
biosensing solutions for the purpose of detecting H. pylori infections. This review summarizes the
primary biomarkers utilized for the detection of H. pylori infections, elucidating how 2D nanomaterials
enhance biosensor efficacy and the diverse applications of biosensors coupled with 2D nanomaterials in
detecting H. pylori infection. Additionally, it examines different types of biosensing platforms that

Received 28th May 2024, harness the unique properties of 2D nanomaterials and design considerations for optimizing biosensor

Accepted 1st November 2024 performance for the accurate and reliable identification of H. pylori infections. The last part explores the
industrialization potential and commercial viability and challenges inherent in utilizing 2D nanomaterials

in biosensing and outlines future research and development prospects in 2D nanomaterial-based
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1. Introduction

H. pylori is a Gram-negative bacterium that colonizes the
stomach in humans. This bacterium has adapted to survive
in high acidic conditions of the stomach, where it colonizes the
gastric mucosa, particularly the antrum and corpus regions and
exists for most of its lifetime." Morphologically, H. pylori has a
curved or spiral rod shape of 2.5-5.5 um in length and 0.5-1.5 pum
in width.>® It has 2-6 unipolar, sheathed lophotrichous flagella
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that enable mobility and chemotaxis within the viscous mucosal
layer of the stomach.” These flagella also aid adherence to gastric
epithelial cells. H. pylori is microaerophilic, requiring 3-5% oxy-
gen, 5-10% CO,, 0-10% H,, and high humidity to grow
optimally.” The bacterium possesses a unique urease enzyme that
allows it to hydrolyze urea, producing ammonia and bicarbonate,
which neutralize the acidic environment of the stomach and
create a microenvironment favorable for bacterial survival. It also
produces catalase and oxidase enzymes, which are used as
biochemical factors for identification. The bacterial cell envelope
consists of a cytoplasmic membrane, cell wall, and outer
membrane containing lipopolysaccharides and membrane pro-
teins. The helical cell shape, flagella, and outer membrane
components are key virulence factors that promote colonization
persistence in the hostile acidic stomach.

This bacterium colonizes the stomach of approximately
50% of the population globally, making it one of the most
ubiquitous infections worldwide.” However, prevalence rates
vary geographically with higher rates noted in developing coun-
tries compared to industrialized nations. In Africa, H. pylori
infects 60-90% of adults whereas prevalence is around 20-50%
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in Western Europe and North America. In Asia, prevalence
ranges from 22% in Japan to 87% in Bangladesh. India has an
estimated H. pylori prevalence of 50-80% in adults.®” Low
socioeconomic status and crowded living conditions correlate
with higher infection risk. Primary transmission occurs through
the fecal-oral and gastric-oral routes through contaminated food/
water sources or close person-to-person contact. Infection is
usually acquired in early childhood and without treatment,
colonization persists lifelong. Given its high global prevalence,
H. pylori infection is believed to play a causal role in 75-80% of
gastric cancer cases worldwide.*® Epidemiologic patterns corre-
spond with gastric cancer incidence in both developing and
developed regions. Eradication of H. pylori can lead to regression
of gastric precancerous lesions and reduce cancer risk. Hence
many health organizations recommend routine testing and
treatment to prevent long-term complications, especially in
high-risk populations. However, reinfection after antibiotic ther-
apy remains a challenge especially in developing countries due
to continued exposure.

H. pylori colonization triggers chronic active gastritis in all
infected persons but only 10-20% develop more severe compli-
cations like ulcers and cancer.®*° Colonization initiates persis-
tent inflammation through bacterial virulence factors and
dysregulated host immune responses. Gastric epithelial cell
injury arises due to direct cytotoxicity mediated by factors like
the vacuolating cytotoxin A (VacA), the oncoprotein cytotoxin-
associated gene A (CagA), and urease-driven pH alterations.>""
Robust pro-inflammatory Thi-cell mediated responses further
damage the mucosa."’ Concurrently, H. pylori evades immune
clearance through myriad mechanisms thereby establishing
persistent infection. The pattern and severity of gastritis and
epithelial damage determines specific disease outcomes. Antral-
predominant colonization increases acid secretion and causes
duodenal ulcers. Body-predominant gastritis reduces acid levels
leading to atrophic gastritis, a precursor of gastric cancer. Surface
mucosal damage allows back-diffusion of acid that worsens
inflammation.” Ulcers arise when this exceeds the tissue’s
reparative capacity. Atrophic gastritis accompanied by mutagenic
properties of H. pylori promotes oncogenic mutations in gastric
stem cells over decades.”™’ The stepwise progression from
chronic gastritis through precancerous lesions culminates even-
tually in gastric adenocarcinoma. Gastric mucosa-associated lym-
phoid tissue (MALT) lymphoma is another serious complication
attributed to chronic H. pylori-triggered immunostimulation.'*
Despite its prevalence, not all individuals infected with H. pylori
develop symptomatic disease, with factors such as bacterial
virulence factors, host genetics, and environmental factors playing
a role in disease manifestation.

Early diagnosis and eradication of H. pylori infection is
crucial to prevent progression to severe gastroduodenal complica-
tions, especially in high-risk populations allowing for timely
intervention and treatment. Furthermore, early detection can help
reduce the risk of transmission to others and minimize the
burden of disease in affected individuals and healthcare systems.
However, detection of H. pylori can be challenging as up to
50-80% of infected individuals are asymptomatic.”"> For the
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detection of H. pylori, two approaches - invasive and non-
invasive techniques - are utilized. Fig. 1 illustrates invasive,
noninvasive, and biosensor techniques used for the diagnosis
and detection of H. pylori infection. Conventional invasive tests to
detect active infection require endoscopy to obtain gastric muco-
sal biopsies followed by culture, histology, rapid urease testing, or
PCR."™ Endoscopy allows direct visualization of the stomach
lining but is uncomfortable for patients, has procedure-related
risks, and is expensive. Non-invasive indirect tests like the urea
breath test (UBT), stool antigen test, and serology are easier and
cheaper but have reduced accuracy. *C-UBT and '*C-UBT are
widely used for initial diagnosis and post-treatment confirmation;
patients ingest *C- or "*C-labeled urea which gets hydrolyzed by
H. pylori’s urease, releasing labeled CO, detected in breath
samples.'® Stool antigen ELISA detects H. pylori proteins in fecal
samples."® Both methods have high sensitivity and specificity but
cannot gauge severity or locate lesions. Serology detects serum
antibodies to H. pylori but remains positive even after clearance,
limiting use for test-of-cure. Sensitivity also varies based on local
infection prevalence affecting the positive predictive value. The
constraints of these conventional tests include the requirement
for reliably cultured bacteria, lack of quantitation, and inability to
evaluate pathological changes or antibiotic susceptibility. Rapid
molecular techniques like fluorescence in situ hybridization
(FISH) overcome some limitations due to direct detection of
H. pylori DNA/RNA in tissues or body fluids."”” But invasive
sampling restricts routine applicability. Non-invasive and highly
sensitive urine, saliva or blood PCR-based assays are being devel-
oped but remain experimental. Thus, while a range of methods
are available for detecting active H. pylori infection, no single test
meets all clinical needs regarding speed, cost, accuracy, and
ability to monitor pathogenesis or response to therapy. More
convenient and quantitative point-of-care tests are needed, espe-
cially in resource-limited settings with high disease burden.

The limitations of conventional techniques have driven
research into nanomaterial-based biosensors for improved
H. pylori detection (Table 1). Biosensors offer a non-invasive,
rapid, and cost-effective alternative for H. pylori detection,
enabling point-of-care testing and improving access to timely
diagnosis for patients.

These biosensors incorporate a biological sensing element
with a transducer to yield a detectable signal proportional to
the target pathogen. 2D nanomaterials exhibit diverse proper-
ties in terms of their mechanical, chemical, and optical attri-
butes, apart from uniqueness in their size, aspect ratio, shape,
biocompatibility, and biodegradability. These varied properties
afford a suitable platform for these nanomaterials for myriad
applications in the healthcare sector, including drug delivery,
bioimaging, tissue engineering, biosensors, and
However, their low dimensionality and exceptionally large aspect
ratios (surface area-to-volume ratio) make these nanomaterials
invaluable for uses demanding high levels of surface interactions
in the nanoscale regime.*”* Specifically, 2D nanoparticles like
graphene oxide (GO) allow for efficient immobilization of bio-
molecules, such as antibodies or nucleic acid-based probes, to
capture H. pylori cells or antigens through strong n-n stacking

SO on.
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A. Invasive Methods
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Fig. 1

interactions, enhancing the specificity of detection.* This review
summarizes the overview of H. pylori infection and associated
diseases, possible biomarkers of H. pylori, and how integration
of 2D nanoparticles in biosensors enhances the detection of H.
pylori infection. Challenges associated with biosensing technol-
ogy for diagnostic purposes, recent advancements and future
perspectives in the detection of H. pylori infection are covered in
the last section.

2. Biomarkers associated with H. pylori
infection

H. pylori utilizes a variety of virulence factors and mechanisms to
induce pathogenesis while evading host immunity.* These
include both bacterial components and products that directly
damage gastric tissues as well as factors that help in its persis-
tence and proliferation.>® Some key general virulence attributes
are the spiral shape, flagella, and urease production.*!'%*3¢

C. Biosensor Techniques
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B. Non-invasive Methods
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Invasive, noninvasive, and biosensor techniques used for the diagnosis and detection of H. pylori infection.

The helical cell morphology along with flagella enables motility
and chemotaxis allowing it to penetrate and survive within the
viscous mucosal layer.® The outer membrane lipopolysaccharides
(LPS) and other surface molecules help evade phagocytosis and
complement-mediated killing.*'" The urease enzyme is a vital
virulence factor for colonization as it catalyzes urea breakdown
into ammonia and CO,, neutralizing gastric acid and forming
a microenvironment conducive for bacterial growth. Urease is
encoded by the ureA, ureB, and ureC genes and expression of the
accessory genes urel, ureE, ureF, ureG, and ureH results in the
catalytically active urease enzyme.*”*® Due to the high specificity
and sensitivity of the urease enzyme, it has been shown to be a
significant biomarker for H. pylori infection detection.*® Studies
have shown that urease activity correlates with the severity of
gastritis and peptic ulcer disease (PUD), making it a valuable
biomarker for disease monitoring and treatment response
assessment.”

H. pylori secretes two major cytotoxins (VacA and CagA)
which are the major virulence factors as well as biomarkers

Table 1 Performance metrics of commonly used conventional diagnostic tests for H. pylori detection

Current methods Limitation Sensitivity (%) Specificity (%) Time Ref.
Endoscopy Uncomfortable, highly expensive, risk of infection, risk of bleeding 95 99 7 days 18-20
Histology Sample error (sampling can lead to false negatives) 95 99 7-10 days 21

Urea breath test Recent use of PPIs or antibiotics reduces the bacterial load 90 95 1h 16, 22 and 23
Culture More time consuming 58 99 7 to 10 days 20, 24 and 25
Urease test Recent use of PPIs or antibiotics reduces the bacterial load 95.2 95.1 1 day 26-28

Stool antigen test If the sample is not stored properly, the antigen degrades over time 95 96 2-4 days 29-31

Serology

© 2025 The Author(s). Published by the Royal Society of Chemistry

Cannot differentiate between past and recent infection

75-85 79-90 More than 3 h 20, 29 and 32
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associated specifically with H. pylori infection. The toxin vacuo-
lating cytotoxin A (VacA) induces cellular vacuolization and
injury.®® It also increases permeability of epithelial layers
enabling H. pylori access to underlying tissues. Studies have
shown that the VacA S1 genotype is highly associated with
increased levels of interleukin-8, chronic inflammation in
gastric mucosa, epithelial damage and metaplasia as compared
to the VacA S2 genotype.***' The cytotoxin-associated gene A
(CagA) protein is among the most extensively studied and
occurs in 60-70% of isolates globally. It is located in the cag
pathogenicity island (cagPAI), a 40 kb DNA segment encoding a
type IV secretion system that forms needle-like pili.*>** The
CagA effector protein is injected via this secretion system
directly into host cells where it dysregulates signaling through
intramolecular interaction and causes cellular defects.** CagA
by interacting with multiple host signaling molecules such as
the pro-oncogenic phosphatase (SHP2) and the polarity-
regulating kinase (PAR1) induces pro-inflammatory responses
by activating NF-kB in a phosphorylation-dependent manner.**
Fig. 2 describes the major pathogenic markers of H. pylori and
the delivery of the CagA gene into the epithelial cell through the
T4SS and the intramolecular interaction disrupting cellular
signaling.**> Recent research has focused on elucidating
the mechanisms underlying CagA-mediated pathogenesis
and its role as a biomarker for disease risk stratification and
prognosis assessment.*>** These studies show that Caga- and
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cagPAI-positive strains are associated with heightened inflamma-
tion and increased risk for severe gastritis, peptic ulcers and
cancer compared to cagPAI-negative isolates. A meta-analysis has
associated CagA-positive strains with a 2-fold increased risk for
peptic ulcer disease and 5-fold higher risk for gastric cancer
CagA also causes cellular
changes that may promote carcinogenesis including disruption of
cell-to-cell adhesion, elongation of epithelial cells, and abnormal
proliferation. Another cagPAI effector called CagL binds to and
activates P1 integrin receptors on gastric cells triggering pro-
inflammatory signaling.*> The cagPAI genes also induce the pro-
duction of cytokines like interleukin-8 by gastric epithelial cells
which drive neutrophil infiltration and chronic inflammation.****
CagA is the first bacterial oncoprotein to be identified and remains
a major virulence factor driving H. pylori-mediated injury and
carcinogenesis through its multifaceted effects on gastric epithelial
cells." Furthermore, studies have explored the use of CagA-specific
antibodies and DNA probes in biosensor-based diagnostic assays
for the detection of H. pylori infection, highlighting the potential
clinical utility of CagA as a diagnostic biomarker.*®

Other ubiquitous virulence determinants that may serve as
biomarkers for pathogenic potential are adhesins like BabA,
SabA, pylori AlpA, AlpB and HopZ that mediate binding to gastric
epithelial cells, an essential initial step in colonization.
The blood group antigen binding adhesin (BabA) is encoded
by the BabA2 gene, and shows increased association with

compared to cagPAI-negative isolates.**
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Fig. 2 The major pathogenic markers of H. pylori and the delivery of the CagA gene into the epithelial cell through the T4SS and the intramolecular

interaction disrupting cellular signaling.
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duodenal ulcer (71-83%) and gastric cancer (83-85%) com-
pared to gastritis alone (22-59%).""">*%*” The outer inflam-
matory protein A (OipA) induces interleukin-8 secretion and
neutrophil infiltration.”” OipA is linked to higher inflammation
severity. The dupA gene stimulates IL-12 and is variably asso-
ciated with duodenal ulcers and reduced risk of gastric
cancer.”” Another biomarker gene is the H. pylori cholesterol-
a-glucosyltransferase (CGT) gene which is involved in the
synthesis of lipopolysaccharides of the cell wall. The CGT
catalyzes the conversion of membrane cholesterol to cholesteryl
glucosidases which are incorporated in the cell wall enabling
the bacteria to evade phagocytosis by the immune cells.*” The
catalase enzyme is also secreted and plays a role in protecting
the bacteria against oxidative damage by breaking down
harmful reactive oxygen species. Superoxide dismutase and
alkyl hydroperoxide reductase further enhance resistance to
oxygen radicals.”” The arginase enzyme is also secreted and
allows H. pylori to compete with host cells for r-arginine,
thereby impairing T-cell function.*” Other emerging biomarkers
include iceA alleles, homologues of the helicobacter outer
membrane PorD protein, and fur mutations which are postulated
to enhance H. pylori virulence but require more confirmatory
studies.*®*® Host genetic factors like IL-1B polymorphisms com-
bined with specific bacterial alleles are also increasingly investi-
gated as joint biomarkers.*® Many studies have provided insights
into the molecular mechanisms underlying the actions of these
virulence factors and their potential as diagnostic and therapeutic
targets for H. pylori-associated diseases. Recent investigations
have revealed that a strategic combination of biomarkers signifi-
cantly enhances the diagnostic precision for H. pylori-associated
gastric and duodenal cancers. By employing isobaric tag for
relative and absolute quantitation, researchers have analyzed
protein expression levels in patients infected with H. pylori. The
optimized integration of virulence factors OipA, BabA, and SabA
achieved a predictive accuracy of 77.3% in differentiating between
gastric cancer and duodenal ulcer patients.*® This combination
not only improves diagnostic precision but also suggests that a
protein microarray incorporating these antigens could facilitate
rapid and efficient diagnosis of H. pylori-related gastric cancer.
Moreover, the incorporation of these biomarkers with advanced
technologies such as 2D nanomaterials underscores their
potential in developing rapid diagnostic sensors that enable early
detection and timely intervention.

3. Integration of 2D nanoparticles in
biosensors for detection of H. pylori

3.1. Properties and synthesis of 2D nanoparticles

Nanomaterials such as graphene, graphene oxide, hexagonal
boron nitride, transition metal dichalcogenides (TMDs),
MXenes, layered double hydroxides, transition metal oxides,
and black phosphorus have emerged as promising 2D nano-
materials for biosensing platforms. This is attributed to their
exotic structural, electrical, optical, and catalytic properties
originating from the quantum confinement in 2D layers with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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For instance, graphene exhi-
bits exceptionally high electron mobility, mechanical strength,
specific surface area and thermal conductivity. Its large surface
area allows for efficient immobilization of biomolecules, such
as antibodies or DNA probes, enhancing the sensitivity and
specificity of biosensors. Moreover, the high conductivity of
graphene enables rapid electron transfer, resulting in fast and
accurate detection of analytes. Recent literature has demon-
strated the integration of graphene-based biosensors for the
detection of various biomarkers, including proteins, nucleic
acids, and pathogens. For example, graphene-based biosensors
have been utilized for the detection of cancer biomarkers, infec-
tious diseases, and environmental pollutants, offering sensitive
and selective detection platforms for diagnostic purposes.®’
The smart health watch “GF1” is one such graphene-based
commercially available product launched by Wuxi Graphene Film
(a subordinate of The Sixth Elements Materials). Chemical vapor
deposited graphene film acts as a touch screen conductive
element in lieu of commonly used indium tin oxide glass. GF1
is a smart health monitoring watch that provides a detailed health
index and scrutinizes the dynamic electrocardiogram, heart rate,
temperature, and blood pressure, apart from tracking the
calories burned during physical workouts.>® The integration of
molybdenum disulfide (MoS,) in biosensors allows for enhanced
sensitivity and selectivity, as well as improved stability and
biocompatibility. Studies have highlighted the potential of
MoS,-based biosensors for point-of-care diagnostics, environmen-
tal monitoring, and biomedical research. For instance, MoS,-
based biosensors have been utilized to detect glucose, cholesterol,
and other metabolites in clinical samples, offering rapid and
accurate measurements for disease diagnosis and management.”®
MXenes containing hydroxyl or fluoride terminations readily
adsorb biomolecules electrostatically. Layered black phosphorus
demonstrates superior anisotropic electrical properties, chemical
inertness, thermal stability, and a wide bandgap optimal for field-
effect biosensing. Such unique characteristics make 2D nano-
materials extremely attractive for fabricating electrochemical,
optical, piezoelectric or field-effect biosensors with high sensitivity
and selectivity.

2D nanoparticles are generally synthesized through three
broad approaches - top-down approaches, bottom-up synthesis,
and hybrid methods.>*** The top-down approach involves
splitting bulk crystals into nanosheets using mechanical or
liquid phase exfoliation. Mechanical exfoliation repeatedly peels
off layers using adhesive tape but has very low yield. Liquid
exfoliation uses ultrasonication or chemical intercalation in
solvents like N-methyl-2-pyrrolidone (NMP) to produce disper-
sions of 2D flakes. This is simple and scalable but can damage
sheets and provide limited control over thickness. The bottom-
up synthesis builds 2D layers atom-by-atom via chemical vapor
deposition, solvothermal synthesis, or self-assembly. While high-
quality sheets are produced, these methods require high tem-
peratures and complex setups.’® > Hybrid techniques combine
top-down and bottom-up methods by exfoliating bulk crystals
and then using the nanosheets as 2D templates for further
synthesis through chemical vapor deposition (CVD) or atomic
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layer deposition. Each approach yields nanomaterials suited for
particular biosensing modalities. For instance, liquid exfoliated
graphene oxide (GO) with its abundant surface oxygen groups
has been widely used to develop electrochemical immunosen-
sors and fluorescent DNA biosensors for diagnostic purposes.®®
CVD-synthesized MoS, nanosheets are integrated in field-effect
transistors due to their semiconductor properties. Mechanically
exfoliated boron nitride nanosheets are ideal for surface-
enhanced Raman spectroscopy based detection. Thus, based
on the desired transduction mechanism, suitable 2D nanoma-
terials can be synthesized using an optimal technique and
integrated to develop highly efficient biosensors for clinical
applications and diagnosis of H. pylori infection.

3.2. Surface functionalization of 2D nanoparticles for
biosensing applications

Efficient functionalization and modification facilitate immobili-
zation of biorecognition elements and improve interaction with
target analytes. The utilization of 2D nanomaterials in biosen-
sing applications transcends conventional detection methods,
encompassing capabilities for real-time monitoring and point-
of-care diagnostics. The high surface area and ease of functio-
nalization of these nanomaterials significantly enhance their
performance in dynamic biological environments, making
them particularly suitable for continuous health monitoring
applications.®' This adaptability allows for the development of
biosensors that can operate effectively in complex biological
matrices, thereby improving diagnostic accuracy and reliability.
The clinical implications of employing functionalized 2D nano-
particles in biosensing are substantial, as they have the potential
to revolutionize diagnostic practices. By facilitating early detec-
tion of diseases through enhanced sensitivity and specificity,
these advanced biosensors can lead to improved patient
outcomes.®>** Moreover, the integration of 2D nanomaterials
into biosensing platforms supports the implementation of per-
sonalized healthcare solutions, enabling clinicians to tailor
treatments based on individual patient profiles.

Two main common approaches for functionalizing 2D nano-
particles involve covalent and non-covalent strategies.®**® Cova-
lent approaches involve covalent attachment of biomolecules,
such as antibodies, aptamers, or DNA probes, onto the nanopar-
ticle surface forming stable bonds between surface groups like
-COOH, -NH,, and -OH and biomolecules via crosslinkers,
providing precise control over orientation and conformation.
Non-covalent methods utilize electrostatic, n—m stacking or hydro-
phobic interactions for bioconjugation. These are simpler, pre-
serve nanomaterial properties better but provide less control over
binding. For example, graphene oxide contains abundant surface
carboxyl and hydroxyl groups amenable to covalent tethering of
enzymes, antibodies or aptamers using EDC/NHS chemistry.®”
TMD nanosheets can be functionalized by silanization of surface
—-OH groups, allowing covalent protein attachment. MXenes
with -OH, -O and -F terminations readily adsorb biomolecules
non-covalently through electrostatic and hydrogen bonding.
Proper bioconjugation and blockage of unused sites is vital for
optimal biorecognition while minimizing non-specific binding.
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The literature has shown that suitable chemical or physical
functionalization facilitates the immobilization of bioreceptors
on 2D surfaces and enables specific, oriented binding of analytes
in biosensing applications.®®

In addition to biomolecule functionalization, surface engi-
neering strategies have been employed to modify the properties
of 2D nanoparticles for biosensing applications. One such
strategy involves modifying the surfaces of 2D nanoparticles
with metal nanoparticles, such as gold nanoparticles (AuNPs)
or silver nanoparticles (AgNPs), to enhance their sensing cap-
abilities. Metal-decorated 2D nanoparticles exhibit localized
surface plasmon resonance (LSPR) effects, which can amplify
the signal response upon target binding, leading to improved
detection sensitivity.”* For instance, AuNP-modified graphene-
based biosensors have been developed for the ultrasensitive
detection of SARS-CoV-2 antigens in clinical samples.”* Another
surface modification approach involves the introduction of
defect sites or functional groups onto the nanoparticle surface
to create specific binding sites for target molecules. Functio-
nalized defect-engineered graphene has been used to selectively
capture DNA sequences in biological samples, enabling the
rapid and sensitive detection of the infectious pathogens in
clinical samples.”* The graphene biosensor based on a field-
effect transistor (FET) architecture, functionalized by phage tail
spike proteins (TSPs), has been shown to accurately detect
pathogens such as E. coli at the single bacterium level.”>”®
Additionally, a DNA-functionalized graphene FET has been
proposed for the quantitation of proteins, utilizing the ability
of DNA hybridization to amplify the detection signal.””
Graphene nanosheets modified on a glassy carbon electrode
have demonstrated enhanced electron transfer ability and
interface adsorption capacity, leading to improved sensitivity
in the detection of rutin, nitrofurazone and linagliptin.”®”°
Furthermore, an armchair graphene nanoribbon (AGNR) inter-
connected between gold electrodes has been investigated as a
detector of DNA hybridization, showing high sensitivity and
accuracy in detecting changes in electrical properties upon
functionalization with probe and target DNA.?*®" These surface
engineering strategies offer versatile means of tailoring the
properties of 2D nanoparticles for biosensing applications,
allowing for the development of highly sensitive and selective
biosensors for analyte detection.

Another approach involves the incorporation of 2D nano-
particles in microfluidic systems, where target molecules are
selectively captured and concentrated within microfluidic chan-
nels, enabling sensitive and rapid detection. Microfluidic biosen-
sors based on MoS, have been developed for the immune
detection of Toxoplasma gondii in serum, offering a portable
and point-of-care diagnostic platform.*” The biosensor showed a
detection range of 1 pg mL ' to 10 ng mL " for T. gondii
monoclonal antibody solutions with a sensitivity of 3.358 nm/
log (mg mL™"). The biosensor demonstrated excellent specificity
and clinical characteristics when tested with rabies virus, pseu-
dorabies virus, and T. gondii serum, indicating its potential for
biomedical applications.®” Integration of biosensing platforms
leverages the unique properties of 2D nanoparticles to achieve
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sensitive, selective, and rapid detection of infectious pathogens
such as H. pylori biomarkers, paving the way for the development
of next-generation POC diagnostic devices for the early diagnosis
and monitoring of H. pylori-related diseases.

3.3. Biosensing platforms for H. pylori detection

Biosensors are qualitative and semiquantitative analytical
devices that translate a biological recognition reaction into a
measurable signal. They integrate biological components like
enzymes, antibodies, nucleic acid, and cells with a physico-
chemical transducer.®® Upon interaction with the analyte, the
biorecognition element undergoes a specific biochemical reac-
tion, leading to a change in the physicochemical properties of
the transducer, which is then converted into an electrical,
optical, or mechanical signal. This signal is subsequently
amplified, processed, and displayed by a readout system,
allowing for the quantitative analysis of the target analyte.
These features have revolutionized biosensors as the point-of-
care detection technique for various infections by offering
rapid, sensitive, and specific diagnostic capabilities. The devel-
opment of advanced biosensing platforms for the detection of
H. pylori infection represents a crucial bridge between scientific
innovation and clinical practice. Multiplexing capabilities of
these platforms significantly enhance diagnostic precision by
allowing simultaneous detection of multiple biomarkers, offer-
ing a more detailed analysis of a patient’s condition.*® This
approach facilitates the development of personalized therapeu-
tic strategies tailored to individual biomarker profiles. Clini-
cally, these biosensing technologies hold promise for delivering
rapid and highly reliable diagnostics, leading to more effective
patient management and improved health outcomes.®*™%¢
Furthermore, their adaptability for point-of-care use positions
these biosensors as invaluable tools in resource-constrained
environments where conventional diagnostic infrastructure
may be unavailable.>*%’

Recent studies revealed that several electrochemical, optical,
field-effect transistor and piezoelectric biosensors have been
developed for point-of-care detection of H. pylori infection.
Immunosensors utilizing H. pylori antibodies as biorecognition
elements are integrated into formats like enzyme-linked immu-
nosorbent assay (ELISA), chemiluminescence, and fluorescence
platforms. DNA biosensors incorporating sSDNA probes com-
plementary to H. pylori 16S rRNA or 23S rRNA provide rapid
hybridization-based analysis. Aptasensors using synthetic apta-
mers selected against H. pylori whole cells or specific antigens
offer high selectivity. Emerging 2D nanomaterials have signifi-
cantly improved the performance of biosensors for H. pylori
detection. Recent literature has evaluated the performance of
different biosensor systems in terms of sensitivity, specificity,
selectivity, and limit of detection. These 2D nanoparticle-based
biosensors demonstrated high selectivity, good stability, repro-
ducibility, and cost-effectiveness for early detection of H.
pylori.®7°> These biosensors offer superior performance com-
pared to conventional methods such as enzyme-linked immu-
nosorbent assay (ELISA) and polymerase chain reaction (PCR),
which typically have higher LODs and longer assay times.
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Table 2 shows a comparison of performance parameters among
2D nanoparticle-based biosensors, biosensors with other nano-
materials, and conventional diagnosis methods. 2D nano-
particles have been integrated into optical, colorimetric and
electrochemical biosensing platforms as well as field-effect
transistors and piezoelectric sensors due to their unique prop-
erties and ease of functionalization.>”*>#%°® The integration of
2D nanoparticles into these sensing platforms has further
advanced their detection capabilities by enhancing sensitivity,
specificity, and selectivity.

3.3.1. Electrochemical-based biosensors. Electrochemical
biosensors have emerged as promising tools for the rapid,
accurate, and timely detection of H. pylori infection. Research-
ers have been actively exploring various approaches to improve
the sensitivity, specificity, and convenience of electrochemical
biosensors for H. pylori diagnosis. Electrochemical biosensors
provide an attractive means to analyze the content of a biological
sample due to the direct conversion of a biological event to an
electronic signal. The signal transduction and the general perfor-
mance of electrochemical sensors are often determined by the
surface architectures that connect the sensing element to the
biological sample at the nanometer scale. The most common
surface modification techniques, the various electrochemical
transduction mechanisms, and the choice of the recognition
receptor molecules all influence the ultimate sensitivity of the
sensor.”® Fig. 3 describes the basic principle and working mecha-
nism of the electrochemical biosensors for H. pylori detection. To
improve the functionality and stability of these sensors, research-
ers have developed a method of integrating 2D nanoparticles
enabling the reliability of these sensors for use in biomedical
applications. Jaradat et al. developed an electrochemical immu-
nosensor for detecting the HopQ protein, a biomarker present in
saliva samples for the detection of H. pylori.*” Consequently, this
immunosensor exhibited high sensitivity and excellent linearity
within the range of 10 pg mL ™" to 100 ng mL ™", with a remarkably
low limit of detection of 10 pg mL~". Moreover, it demonstrated
desirable characteristics such as good stability, reproducibility,
and cost-effectiveness, rendering it a promising tool for early
detection of H. pylori.*

In a recent study, Mirzaei et al. introduced a novel Hsp60
biosensor with enhanced sensitivity and selectivity, developed
using a nanocomposite with an aptamer-recognition surface
for enhancing H. pylori detection.'*® The biosensor was con-
structed by modifying a glas